The C-X-C chemokine receptor type 4 (CXCR4)/stromal cell derived factor-1 (SDF-1 or CXCL12) interaction and the resulting cell signaling cascade play a key role in metastasis and inflammation. On the basis of the previously published CXCR4 antagonist 5 (WZ811), a series of novel nonpeptidic anti-CXCR4 small molecules have been designed and synthesized to improve potency. Following a structure-activity profile around 5, more advanced compounds in the N,N 0 -(1, 4-phenylenebis-(methylene)) dipyrimidin-2-amines series were discovered and shown to possess higher CXCR4 binding potential and specificity than 5. Compound 26 (508MCl) is the lead compound and exhibits subnanomolar potency in three in vitro assays including competitive binding, Matrigel invasion and GR i cyclic adenosine monophosphate (cAMP) modulation signaling. Furthermore, compound 26 displays promising effects by interfering with CXCR4 function in three mouse models: paw inflammation, Matrigel plug angiogenesis, and uveal melanoma micrometastasis. These data demonstrate that dipyrimidine amines are unique CXCR4 antagonists with high potency and specificity.
Introduction
Chemokines are a superfamily of small cytokines that induce cytoskeleton rearrangements and directional migration of several cell types through their interaction with G-protein-coupled receptors. 1 These secreted proteins act in a coordinated fashion with cell-surface proteins, including integrins, to direct the specific homing of various subsets of hematopoietic cells to specific anatomical sites. 2, 3 One member of the chemokine family, stromal cell derived factor-1 (SDF-1; also named CXCL12 a ), is a chemokine that interacts specifically with C-X-C chemokine receptor type 4 (CXCR4) which was previously identified as a major coreceptor for the entry of T cell line-tropic HIV. [4] [5] [6] [7] The CXCL12/CXCR4 interaction was later shown to direct cellular recruitment and trafficking, and it offers a new target for indications where such processes play a key role. This interaction also plays a central role in the locomotion and homing of metastatic cells. Therefore, interruption of this interaction may provide a means of intervening in the metastatic process.
Currently, cyclams and bicyclams represent the most thoroughly studied class of nonpeptide anti-CXCR4 molecules. However, this class of inhibitors is not ideal for long-term treatment due to cyclam's metal ion chelating property, which may result in cardiotoxicity. 8 Two years ago, we reported the identification of a novel class of small molecule CXCR4 antagonists. 9 In view of aspects of the molecular mechanism of the bicyclam CXCR4 antagonist 1 (AMD3100 8 ), we designed a template with the general structure 2 and identified the first lead compound 3 by means of an affinity binding assay against the potent, peptidic CXCR4 antagonist 4 (TN14003 10 ) ( Figure 1 ). An extensive structure-activity profile around 3 indicated the central aromatic ring to be critical for high CXCR4 affinity, and a one-carbon separation between the central aromatic phenyl ring and the nitrogen of the acyclic linker is essential for high potency. These SAR features finally led to identification of compound 5 (WZ811 9 ) as a potential CXCR4 antagonist that shows excellent potency in an affinity binding assay and in vitro function assays. Unfortunately, further preclinical studies suggested that compound 5 failed to exhibit any in vivo efficacy due to poor bioavailability (data not shown). We explored further reiteration of the compounds.
On the basis of the working hypothesis that the poor pharmacokinetic profile of 5 might be the result of rapid oxidative metabolism, various electron deficient moieties have been introduced to the terminal aromatic ring of 5. The synthetic pathways employed to prepare the final compounds are depicted in Schemes 1, 2, and 3. For the primary screening, a competitive binding assay utilizing the potent, peptidic CXCR4 antagonist 4 was employed. Previously, we described the rationale for using this assay as our primary assay. 9, 11 In addition, two functional assays measuring cAMP modulation and Matrigel invasion were performed to determine the rank order of anti-CXCR4 efficacy of the newly designed and synthesized compounds. [12] [13] [14] Furthermore, the in vivo effects of the selected compounds were tested in two mouse models: paw edema for inflammation and Matrigel plug for angiogenesis. Finally, the lead compound 26 (508MCl) was tested in mouse lung fibrosis and uveal melanoma micrometastasis models.
Results and Discussion
Chemistry. The synthesis of the target compounds is illustrated in Schemes 1-3. Compound 8a and 8b were prepared from the one-pot reductive amination of aldehyde 7 and fluoropyridin-2-amines in the presence of the reducing reagent NaBH(OAc) 3 . 15 To prepare compounds 10a-j, aldehyde 9 was first generated by a two-step sequence from aldehyde 7, followed by reductive amination to give the desired compounds 10a-j (Scheme 1). As shown in Scheme 2, compound 13 was synthesized by treating amine 11 with 2-chloro-5-fluoropyrimidine 12 in good yield. Following a similar strategy, compounds 15, 17a, and 17b were prepared efficiently. Subsequently, treating compound 17a/b with SOCl 2 in methanol delivered the methoxyl-substituted analogue 18a/b (Scheme 2). The synthesis of compounds 21a-c starts from mono-Boc-protected amine 19. Amine 19 was first treated with 2-chloro-5-fluoropyrimidine 12, and the Boc was subsequently removed in the presence of SOCl 2 , followed by an addition-elimination sequence to furnish the desired target compounds 21a-c (Scheme 3). A similar synthetic strategy also efficiently delivers compounds 23 and 24. Subsequent mCPBA mediated oxidation converted 24 into a mixture of 2-(methylsulfinyl)pyrimidine and 2-(methylsulfonyl)pyrimidine derivatives, which were treated with 2-morpholinoethanamine 25 without further purification to afford compound 26 in 25% yield over two steps (Scheme 3).
Primary Screening. On the basis of the behavior of 5, we know that the central 1,4-bis-(aminomethyl)benzene group is critical for CXCR4 binding affinity. Consequently, the distal pyridinyl ring was modified in several ways. For primary compound screening, the previously reported assay was utilized. 9 MDA-MB-231 cells were preincubated with compounds at concentrations of 1, 10, 100, and 1000 nM, following incubation with biotinylated 4 and streptavidinconjugated rhodamine to determine the binding efficiency of the newly synthesized chemical entities to the CXCL12 binding domain of CXCR4. The effective concentration (EC) is defined as the concentration at which the compound blocks more than 50% of 4 binding on CXCR4. Thus, the EC values of compounds meeting this criterion were determined. The Matrigel invasion assay, as the secondary functional assay, was performed for those compounds with an EC value lower than 100 nM to test whether they could block the CXCR4/CXCL12-mediated chemotaxis and invasion as utilized previously. 9 The results of competitive binding and Matrigel invasion are summarized in Table 1 . It should be noted that more electron deficient functional groups were introduced to compound 5 to maintain the symmetric chemical structure (Table 1) . Pyrimidinyl compound 13 was identified as a potent CXCR4 antagonist with high CXCR4 binding affinity and efficient blocking of Matrigel invasion (>75%) at 10 nM. With the discovery of the pyrimidinyl group as a potent pharmacophore for CXCR4 antagonists, a series of unsymmetrical compounds were designed and prepared with a pyrimidinyl ring at one terminus of the scaffold and a pyridinyl ring on the other with different functional groups. All these substances exhibited excellent antagonist activity (>60%, Table 2 ) at 100 nM and >40% at 10 nM against CXCR4/CXCL12-mediated Matrigel invasion. Furthermore, we designed and synthesized dual pyrimidinyl compounds with different functional groups such as methoxy and morpholinyl to adjust their hydrophilicity. We assumed that increased hydrophilicity could increase the compounds' binding affinity to CXCR4 (Table 3) . Most of the corresponding compounds show exceptional inhibition of CXCR4 with EC values at 1 nM, except 18a, with an EC value at 10 nM. While these compounds also scored well in the Matrigel invasion assay with >65% inhibition at 100 nM, 21a, 21b, 21c, 17a, 18b, and 26 are especially effective at blocking invasion between 81% and 100%. At a concentration as low as 10 nM, 21a, 21b, 17a, 18b, and 26 inhibit invasion >60%; 26 blocks 84% of invasion at 10 nM. Interestingly, all dipyrimidines demonstrated high potency without being significantly influenced by variable substitution.
cAMP Assay. As a GPCR, CXCR4 binds CXCL12 and activates G-protein mediated signaling through the GR i pathway that reduces cAMP levels within cells. Therefore, we utilized the cAMP assay as the secondary functional assay as reported previously. 9 The selection criteria for the compounds subjected to the cAMP assay was an EC e 10 nM binding affinity and >50% inhibition of invasion at 10 nM. After pretreatment for 15 min at room temperature with 1 and selected compounds, the effect of CXCL12 on cAMP reduction was blocked significantly in a dose-dependent manner. Compounds 21c with an IC 50 at 5.4 ( 0.17 nM and 26 with an IC 50 at 0.8 ( 0.13 nM counteracted CXCL12 function effectively at nanomolar concentrations, while 1 required nearly 1000 nM to significantly block CXCL12 function with an IC 50 at 695 ( 21 nM. These compounds are almost 1000-fold more efficient in blocking the GR i pathway than 1 (Figure 2A ). Compounds 21c and 26 are comparable to or even better than the previously reported 5 with an IC 50 at 1.8 ( 0.24 nM. 9 The specificity of 21c and 26 to CXCR4 was tested using U87CD4 cell lines from the AIDS Consortium overexpressing the CCR3 or CCR5 chemokine receptors. These cells were stimulated by 150 ng/mL CCL5 instead of CXCL12. Figure 2B shows the cAMP assay results of compounds 1, 5, 21c, 26 on U87CD4CCR5 cells, all showing no significant effect on blocking CCL5 stimulating CCR5. The compounds were unable to counteract the effect of CCL5 on CCR3 as well (data not shown).
Carrageenan-Induced Paw Edema Model. Carrageenaninduced mouse paw edema is a widely used test to assess antiinflammatory activity in vivo. It is well-known that CXCR4 plays a key role in the recruitment of inflammatory cells to sites of inflammation. An apparent edema response was seen 24 h after the λ-carrageenan injection (compared to the contralateral paw that was injected with saline). On the basis of the rank order of in vitro assay results, 10 of the best compounds were investigated. Figure 3 shows the inflammation inhibition percentage by compound. Substances 10g, 10e, and 26 have more than 50% inhibitory effect on inflammation, which is superior to 5 and comparable to 4, while the rest of the compounds revealed variable inhibition effects ranging from 20% to 50%. These data confirm that selected anti-CXCR4 drugs can inhibit inflammation as anticipated.
In Vivo Tumor Angiogenesis Assay (Matrigel Plugs). To determine the effect of the CXCR4/CXCL12 interaction on angiogenesis in vivo, an assay using Matrigel plugs to measure antiangiogenic activity of related compounds was performed in nude mice as previously reported. 16 A mixture of 2 Â 10 5 MDA-MB-231 cells in 0.5 mL of growth factorreduced Matrigel was implanted at two subcutaneous sites with the selected compound mixed in at 1 μM. The rationale for initial mixing of the compounds into the Matrigel is that there is no route for the compounds to reach the cells within the Matrigel. From the following day, mice were treated with 10 mg/kg daily subcutaneous injections of selected compounds between the two plugs on the back of the mice. Ten days after the Matrigel implant, the mice were sacrificed and the Matrigel plugs were excised, photographed, weighed, and processed to measure hemoglobin content by using Drabkin's solution. 17 When MDA-MB-231 cells successfully promote neovasculature formation within the Matrigel plug, these neovasculatures allow tumor cells to proliferate much better than those without neovasculatures. 16 Therefore, the control group with better angiogenesis in the Matrigel plug showed more tumor cells than the treated group (Figure 4) . The column graph in Figure 4 summarizes the percentage of antiangiogenic efficacy based on hemoglobin content in 10 Matrigel plugs per compound. All the selected compounds show a reasonable antiangiogenic effect with >30% inhibition. Compound 26 furnishes the best inhibition efficacy of about 70%, which is comparable to the peptidic CXCR4 Bleomycin Induced Lung Fibrosis Model. The bleomycin induced pulmonary fibrosis model in rodents has been widely used for evaluation of potential therapies. Treatment by 4 in mice with bleomycin-induced lung injury has been reported to significantly attenuate lung fibrosis. 18 We used the same method to evaluate the therapeutic effect of compound 26 on bleomycin induced lung fibrosis because this compound is the most promising compound in all previous assays and in comparison to 4. Lungs harvested 20 days after bleomycin treatment were analyzed histologically by H&E staining. Figure 5 shows representative photomicrographs of H&E stained sections. As reported in the literature, bleomycin caused marked alterations in lung architecture with increased interstitial wall thickness and mononuclear cell infiltrates. 19 Mice receiving bleomycin and treated separately with 4 and compound 26 resulted in a decrease in interstitial and alveolar structural distortion ( Figure 5B,C) compared to the lung tissue of untreated mice ( Figure 5A ). Compound 26 blocked lung fibrosis by 55% compared to 4 at 85% inhibition.
Uveal Melanoma Micrometastasis Mouse Model. Blocking CXCR4 has been shown to block metastasis of various cancers. Here, we tested its antimetastatic efficacy in a uveal melanoma micrometastasis nude mouse model. 20 Melanoma OMM2.3 cells overexpressing HGF/TGF-β/CXCR4/MMP2 were inoculated into the posterior chamber of the right eye. After 3 days, the treatment was started (and continued until sacrifice), and after one week, the eyes that developed tumors were enucleated. After 4 weeks, the mice were sacrificed and hepatic tissues were collected, fixed in 10% formalin and paraffin-embedded. The samples were then sectioned and H&E stained ( Figure 6 ). Six sections through the center of the liver were microscopically examined for the presence of micrometastses (<100 μm diameter), and the average number of micrometastases per section was determined. This has been shown to be a reliable and reproducible method for detecting hepatic micrometastases in this animal model. 21, 22 The micrometastases are very small cohorts of cells (a few to several), and the frequency of the micrometastatic colonies is not high. Because of the small size of the micrometastatic colonies, images were taken at 40Â magnification ( Figure 6 ). With the high magnification images, we could not find any field of view that shows a clear difference between treated and untreated livers (it is uncommon to find more than one colony per field of view). The column graph in Figure 6 shows the average number of the hepatic micrometastases throughout the liver counted under the microscope. The number of mice per group was 10. The total number of hepatic micrometastases in the treatment group, which was administered compound 26 or 4 at day-4 after uveal melanoma inoculation, was around 40. This was significantly less than the control group at around 90 (p < 0.01). Compound 26 decreased hepatic micrometastases by about 50% in a mouse model carrying human uveal melanoma with an efficacy similar to 4.
Conclusions
We and others have shown that the CXCR4 antagonist T140 analogues, including 4, bind to the CXCL12 binding site on CXCR4, block the CXCR4/CXCL12 interaction, 11, 23 and intervene in the progression of cancer metastasis. 11, [24] [25] [26] Encouraged by these promising results observed with peptidic agents, we sought to identify a novel series of potent, smallmolecule antagonists that might prove to be practical and safe as antimetastatic agents. Currently, the metal-chelating cyclams and bicyclams represent the most studied class of nonpeptide CXCR4 inhibitors. 12 One of these, 1 has advanced as far as phase II clinical evaluation as an HIV entry inhibitor. 13, 14, 27, 28 However, it was withdrawn from that indication in response to adverse effects including cardiotoxicity. 8 Currently, 1 has been FDA-approved for stem cell mobilization that requires only one-time administration. We have developed a series of small molecule CXCR4 antagonists that are devoid of metal chelating properties in an effort to develop a safer drug for long-term therapy. The present study reveals that N,N 0 -(1,4-phenylenebis(methylene))dipyrimidin-2-amines show potent CXCR4 antagonism and efficiency in a number of relevant in vitro and in vivo studies. Significantly, these compounds inhibit CXCL12-mediated chemotaxis and a series of pathway signaling events including cAMP action and angiogenesis. The results suggest that this class of compounds potently inhibits the signaling cascade induced by CXCR4/CXCL12 and the associated invasion and homing capabilities.
Most chemokine receptors are shown to signal through the GR i pathway, which results in an inhibition of adenylyl cyclase and a corresponding decrease in cAMP in the cells. 29 Another pathway that is believed to be activated is the G q pathway, which causes an increase in cytosolic Ca 2þ levels. In the last two decades, many reports have demonstrated that the calcium flux assay cannot measure all G-protein coupled receptor function. 30 However, industrial and pharmaceutical companies still utilize the calcium flux assay as a gold standard to measure chemokine receptor function. Our CXCR4 compounds 26 and 21a are effective in interrupting CXCL12/CXCR4-mediated cAMP modulation. However, they do not block Ca 2þ flux induced by CXCR4/CXCL12 interaction through G q pathway (data not shown). Furthermore, our anti-CXCR4 compounds do not block 125 I-CXCL12 from binding to CXCR4, but CXCL12 can block these same compounds from binding to CXCR4. 31 This may be due to the fact that CXCL12, a 9 KDa peptide, has multiple interaction sites on CXCR4, 32 whereas our small CXCR4 compounds only block a single site related to homing and chemotaxis. Therefore, CXCL12 is still able to bind to CXCR4 when small-molecularweight CXCR4 compounds are preincubated with cells before adding CXCL12. Intriguingly, the present class of anti-CXCR4 compounds can intervene in the GR i signaling pathway (cAMP modulation) but not the G q pathway (Ca 2þ flux). , or 26 at various concentrations, the effect of 150 ng/mL of CXCL12 or CCL5 on cAMP reduction in the presence of 5 μM forskolin was measured by using the TR-FRET based LANCE assay kit. While our anti-CXCR4 compounds are effective in counteracting CXCL12 function at as low as 10 nM, 1 requires almost 1000 nM to significantly block CXCL12 function, which is 1000 times less efficient than our compounds in blocking the GR i pathway. Compound 5 is our previously reported analogue; compounds 21c and 26 are comparable or better than compound 5 in blocking CXCL12 function. The tested compounds have no effect on CCR5 cells.
These findings may present an opportunity for developing a safe drug that partially interrupts CXCL12/CXCR4, especially because the interplay between CXCL12 and CXCR4 is critical to normal physiology. For example, CXCR4 modulates contractility in adult cardiac myocytes by mediating Ca 2þ flux. 33 Therefore, anti-CXCR4 compounds that do not interrupt Ca 2þ flux may well be safer than 1, which exhibits myocardial toxicity in addition to metal-chelating properties. In addition, the CXCR4/CXCL12 interaction is involved in the homing and retention of hematopoietic progenitor cells in the bone marrow, while CXCL12 also acts as a major chemoattractant for stem cells and some differentiated cells in the pathological contexts of inflammation and tissue regeneration or repair. [34] [35] [36] [37] Therefore, the partial CXCR4 inhibitors reported here, which block chemotaxis and homing of the CXCR4-positive cells to the distant organ sites enriched with CXCL12 in their stroma, may present an alternative, safe option as chemopreventive drugs for cancer metastasis and tumor angiogenesis. Furthermore, we have demonstrated that 26 suppresses paw inflammation by 56%, inhibits angiogenesis by 70%, arrests lung fibrosis by 55%, and blocks uveal melanoma OMM2.3 (HGF/TGF-β/CXCR4/MMP2) micrometastases by 50%, despite the fact that compound 26 has a fast blood clearance in mice (t 1/2 ∼ 15 min with intravenous injection). These data further support the role of CXCR4 in chemotaxis, motility, and invasion and reinforce its value as a target for therapeutic intervention in disease states where these phenomena play key roles such as cancer metastasis and inflammation.
Although the compound database represented by Tables 1-3 is sparse and the activity range is narrow, an intriguing SAR element is evident. It arises by classifying the blockade of 4 binding into two categories: high (1-10 nM) and low (100 nM). In this context, when one or both of the terminal aromatic rings are nitrogen deficient (i.e., either benzenoid or pyridinoid), then ortho substitution by a ring nitrogen, fluorine, or N-alkyl can lead to less effective competition with 4. On the other hand, when both terminal rings are dipyrimidines, activity is high and substitution effects are marginal for the latter as shown, among others, by lead 26 (Table 3) . Of course, the ring substitution pattern is decisive for phenomena associated with membrane passage and biodistribution. The improved antagonistic effects of double pyrimidine substitution cannot be rationalized on a molecular level because the geometry of the specific binding site is presently unknown. However, a model of the binding of 1 to CXCR4 suggests a possible role for the dipyrimidine structure. 23 In conclusion, a novel class of small molecules, N,N 0 -(1,4-phenylenebis(methylene)) dipyrimidin-2-amines, especially compound 26, have been identified by rational design and analysis of emerging structural and pharmacologic data as putative inhibitors of CXCR4/CXCL12 functions. The compelling features of 26 include effectiveness for (i) potent . Inhibitory effect of anti-CXCR4 compounds on Matrigel plug angiogenesis assay in vivo. The mice in the CXCR4 antagonist-treated group received daily subcutaneous injections of the selected compounds (two plugs per mouse) at 10 mg/kg and 4 at 300 μg/kg. Ten days after matrigel injection, the animals were sacrificed and the Matrigel plugs were excised, photographed, and sliced for H&E staining and processed for hemoglobin assay. Analogue 4-treated Matrigel plugs revealed no significant angiogenesis, while the control group exhibited significantly more blood vessels clearly shown by H&E staining (the black arrows in the picture). The column graph shows the tested compounds can inhibit angiogenesis from 30% to 68%, while compound 26 delivers almost the same efficacy as 4 at about 70% angiogenesis inhibition. inhibition of CXCR4/CXCL12 functions in vitro (IC 50 ∼ 1 nM), (ii) antiangiogenesis in vivo, (iii) suppression of inflammation in vivo, (iv) inhibition of lung fibrosis in vivo, and (v) blockade of uveal melanoma micrometastasis in vivo. In brief, compound 26 is an excellent anti-CXCR4 agent based on our in vitro and in vivo tests. However, the shortcomings of this compound are its fast blood clearance (t 1/2 ∼ 15 min with intravenous injection) and the lack of oral bioavailability. Thus, further improvement is needed to develop an orally available therapeutic drug. The physical properties of compound 26 make it suitable for nuclear imaging. Therefore, we are in a process of developing it as a positron emission tomography (PET) tracer to specifically image CXCR4-positive cells.
Experimental Section
Initial Screening of Anti-CXCR4 Small Molecules Based on a Binding Affinity Assay and Cell Invasion Assay. Binding affinity and cell invasion assays are basic assay tools that apply to the initial screening. MDA-MB-231 cells cultured in an 8-well slide chamber were preincubated with the testing compounds at 1, 10, 100, and 1000 nM. Then the cells were fixed with 4% formaldehyde and incubated with 50 nM biotinylated 4, and followed by rhodamine staining. Matrigel invasion chambers from BD Biocoat Cellware (San Jose, CA) were used for invasion assays. MDA-MB-231 cells were cultured on a layer of Matrigel in the upper chamber with testing compounds at 10 or 100 nM, while 200 ng/mL CXCL12 was added in the lower chamber as a chemoattractant. Detailed procedures for the binding and invasion assays have been described in previous publications. 11, 16, 38 cAMP Assay to Measure Gr i Function. Perkin-Elmer's LANCE cAMP assay kit (cat. no. AD0262), based on time-resolved fluorescence resonance energy transfer (TR-FRET), was used to determine whether our compounds could block cAMP modulation induced by the CXCR4/CXCL12 interaction. U87CD4CXCR4 cells (AIDS Consortium), U87CD4CCR3 cells (AIDS Consortium), or U87CD4CCR5 cells (AIDS Consortium) were used. The detailed procedures of the cAMP assay have been described in previous publications. 9 Paw Inflammation Suppression Test. Acute inflammation was induced by subcutaneous injection of 50 μL of λ-carrageenan (1% w/v in saline) into one of the hind paws of female C57BL/6J mice (Jackson Laboratories); the other hind paw was used as a noninflammation control. In the treatment group, CXCR4 antagonists were administered ip at 10 mg/kg, while 4 was at 300 μg/kg, 30 min following carrageenan challenge and continued daily. 18, 39 The rationale for using 300 μg/kg for compound 4 was that we found this concentration to be the minimum concentration to achieve the maximum efficacy of this compound in a breast cancer metastasis animal model. 11 All CXCR4 antagonists were dissolved in 10% DMSO and 90% of 45% (2-hydroxypropyl)-β-cyclodextrin (CD) in PBS. Control animals received corresponding ip injections of vehicle. The animals were sacrificed 74 h after induction of inflammation and 2 h after the last injection of CXCR4 antagonists. The final paws were photographed and measured for thickness from the "palm" to the back of the paw by a caliper. These were compared to the volume of carrageenan untreated contralateral paw to obtain the edema volume; the volume of the contralateral paw was subtracted from the volume of the carrageenan injected paw to obtain the edema volume. The inflammation suppression percentage was calculated by comparing the drug treated group to the control group.
In Vivo Angiogenesis Assay (Matrigel Plug). MDA-MB-231 cells (2 Â10 5 ) were mixed with the compound in 0.5 mL of growth factor-reduced matrigel (BD Biosciences, San Jose, CA) at 1 μM concentration and implanted subcutaneously into the flanks of nude mice (two plugs per mouse, six mice per group). The mice in the CXCR4 antagonist-treated group received daily subcutaneous injections of the selected drugs in the middle of the two plugs (two plugs per mouse) at 10 mg/kg, while 4 was administered at 300 μg/kg. Ten days after matrigel injection, the animals were sacrificed and the Matrigel plugs were excised. The excised plugs were photographed and processed for hemoglobin assay. The samples were homogenized in 100 μL of deionized water and cleared by centrifugation at 10000 rpm for 10 min. Then 20 μL of the supernatant was mixed with 100 μL of Drabkin's solution (Sigma, St. Louis, MO) to measure hemoglobin content. The mix was incubated at 52°C for 10 min and Figure 6 . Inhibition effect of 26 compared to 4 in a uveal melanoma micrometastasis animal model. Hepatic tissues were collected and fixed in 10% formalin, processed, and H&E stained, and the number of hepatic micrometastasis was counted under a microscope. Micrometastatic clones are shown by small black arrows in the images. The murine model with ocular melanoma metastatic to the liver was treated with 4 at 300 μg/kg ip or compound 26 at 10 mg/kg, ip once per day starting at fourth day after uveal melanoma inoculation. The animals presented significantly fewer micrometastases than those in the control (PBS-treated) group. Compound 26 decreased the numbers of hepatic micrometastases in a mouse model of human uveal melanoma with efficacy similar to 4, both are about 50% inhibition.
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Bleomycin Induced Lung Fibrosis Mouse Model. Mice were anesthetized by isofluorane inhalation; the trachea was exposed using sterile techniques and 4 U/kg bleomycin (Sigma) in 100 μL of PBS or PBS vehicle was injected into the tracheal lumen. After inoculation, the incision was closed and the animals were allowed to recover. Each group has 10 mice that received 300 μg/kg of 4, 10 mg/kg of compound 26 or saline intraperitoneally 1 day before bleomycin treatment and daily for 20 days. All mice tolerated the antagonist well. Lungs harvested 20 days after bleomycin treatment were analyzed histologically by H&E staining and imaged under microscope.
Uveal Melanoma Micrometastasis Mouse Model. The female nude mice were divided into three groups: two treatment groups and one control group, with 10 mice in each group. On day 0, each mouse was inoculated with 1 Â 10 6 OMM2.3 cells expressing HGF/TGF-β/CXCR4/MMP2 into the posterior chamber of right eye. On day 3, mice were treated with 10 mg/kg compound 26 or 300 μg/kg 4 in 0.1 mL volume of 45% CD daily by ip injection, whereas the control mice were ip injected with 0.1 mL 45% CD only. On day 7, eyes with tumors were enucleated. The growth of tumor was checked by histological methods. On day 28, hepatic tissues were collected and fixed in 10% formalin, processed, H&E stained, and the number of hepatic micrometastases was counted under microscope. Six sections through the center of the liver were microscopically examined (Olympus BX41, Tokyo, Japan) for the presence of micrometasteses (<100 μm diameter) and the average number of micrometastases per section was determined.
Chemistry: General. Proton and carbon NMR spectra were recorded on INOVA-400 (400 MHz) or INOVA-600 (600 MHz) spectrometers. The spectra obtained in deuteriochloroform (CDCl 3 ) or dimethyl sulfoxide-d 6 (DMSO-d 6 ) were referenced to the residual solvent peak. Mass spectra were recorded on a JEOL spectrometer at Emory University Mass Spectrometry Center. Elemental analyses were performed by Atlantic Mircolab, Inc. Norcross, GA. Flash column chromatography was carried out with Scientific Absorbent Incorporated Silica Gel 60. Analytical thin layer chromatography (TLC) was performed on precoated glass backed plates from Scientific Adsorbents Incorporated (Silica Gel 60 F 254 ; 0.25 mm thickness). Plates were visualized using ultraviolet, iodine vapors, or phosphomolybdic acid (PMA). Preparation of compounds 3, 5, and 6 has been documented in our previous report. 9 All final compounds were >98% pure, which was confirmed by a Beckman HPLC system using Nova Pak C18 4 μm 3.9 mm Â 150 mm column (Waters) and methanol/water (65:35) with 0.1% triethylamine as an eluent. Elemental analyses were performed by Atlantic Mircolab, Inc. Norcross, GA and were within (0.4% of the theoretical values.
N,N 0 -(1,4-Phenylenebis(methylene))bis(6-fluoropyridin-2-amine) (8a). A mixture of terephthaldicarboxaldehyde (268 mg, 2.0 mmol) and 6-fluoro-2-aminopyridin (0.47 g, 4.2 mmol) in 1, 2-dichloethane (20 mL) was treated with triacetoxyborohydride (1.27 g, 6.0 mmol) and HOAc (0.24 mL, 4.0 mmol). After stirring at room temperature under an argon atmosphere until the disappearance of the starting materials, the reaction was quenched by adding aqueous NaOH (10 mL, 1.0 N). The resulting mixture was extracted with ethyl acetate (3 Â 15 mL), and the combined organic layers were washed with brine, dried over anhydrous MgSO 4 , and concentrated in vacuo. Purification by flash column chromatography (silica gel, hexane/ethyl acetate, 3/1 with 0.5% NH 4 OH) gave the title compound 8a (0.42 g, 64%,) as a white solid: mp 182-185°C (dec). 4-((Pyrimidin-2-ylamino)methyl)benzaldehyde (9). In a 500 mL one-necked round-bottomed flask equipped with a stirrer, terephthaldicarboxaldehyde (5.36 g, 40 mmol), 2-amino-pyrimidine (3.91 g, 41 mmol), and acetic acid (4.7 mL, 80 mmol) were mixed in 1,2-dichloroethane (250 mL). After being stirred at room temperature until 2-amino-pyrimidine completely dissolved (approximately 10 min), 4 Å molecular sieves (20 g ) were added to the mixture. After being stirred for 10 min, the resulting mixture was treated with sodium triacetoxyborohydride (25.43 g, 120 mmol). After being stirred for 24 h at room temperature under an argon atmosphere, the reaction was quenched by adding aqueous NaOH (150 mL, 1.0 N). The resulting mixture was extracted with ethyl acetate (3 Â 200 mL), and the combined organic layers were washed with brine, dried over anhydrous MgSO 4 , and concentrated in vacuo to give the alcohol intermediate S1, which was purified by column chromatography (ethyl acetate) to give alcohol S1 as a white solid (7.32 g, 86%): mp 120-121°C (dec). 3 mmol) at 0°C. After being stirred for 10 min, the reaction mixture was allowed to warm to room temperature and was stirred for another 1 h. The reaction mixture was diluted with diethyl ether (100 mL) and quenched by saturated aqueous NaHCO 3 (50 mL) and Na 2 SO 3 (50 mL). The organic phase was separated, and the aqueous phase was further extracted with diethyl ether (3 Â 20 mL). The combined organics were dried over MgSO 4 , filtered, and concentrated under reduced pressure. The residue was purified through flash column chromatography (ethyl acetate) to furnish aldehyde 9 (2.07 g, 94%) as a white solid: mp 114-115°C (dec). , found 214.09718. N-(4-((Phenylamino)methyl)benzyl)pyrimidin-2-amine (10a) General Procedure A. A mixture of aldehyde 9 (0.32 g, 1.5 mmol) and aniline (0.15 g, 1.6 mmol) in 1,2-dichloroethane (15 mL) was treated with sodium triacetoxyborohydride (0.48 mg, 2.25 mmol). After being stirred at room temperature overnight, the reaction mixture was quenched by adding aqueous NaOH (10 mL, 1.0 N) and extracted with ethylacetate (2 Â 30 mL). The combined organic phases were washed by brine, dried over anhydrous MgSO 4 , and filtered and concentrated under reduced pressure. The residue was purified by column chromatography (hexanes/ethyl acetate, 1/1) to afford product 10a (0.41 mg, 94%) as a white solid: mp 131-132°C (dec). CDCl 3 ) δ 162.48, 160.40, 158.33, 148.27,  138.66, 138.29, 129.47, 127.96, 117.77, 113.02, 111.12, 48.19 N-(4-((5-Chloropyridin-2-ylamino)methyl)benzyl)pyrimidin-2-amine (10f). Starting from aldehyde 9 (0.22 g, 1.0 mmol) and 5-chloro-2-aminopyridine (0.14 g, 1.1 mmol) by treatment with sodium triacetoxyborohydride (0.32 g, 1.5 mmol) and HOAc (0.06 mL, 1.1 mmol), general procedure A gave 10f (0.20 g, 60%) as a white solid: mp 163-165°C (dec). N-(4-((6-Chloropyridin-2-ylamino)methyl)benzyl)pyrimidin-2-amine (10g). Starting from aldehyde 9 (0.21 g, 1.0 mmol) and 6-chloro-2-aminopyridine (0.14 g, 1.1 mmol) by treatment with sodium triacetoxyborohydride (0.32 g, 1.5 mmol) and HOAc (0.064 mL, 1.1 mmol), general procedure A gave 10g (0.22 g, 67%) as a white solid: mp 148-150°C (dec). 1 After being stirred for 6 h at room temperature, the solvent was removed under reduced pressure to afford a yellow solid (0.27 g). The yellow solid prepared above was dissolved in 1,2-dichloroethane (20 mL), to which was added aldehyde 9 (0.20 g, 0.9 mmol) and HOAc (0.06 mL, 1.0 mmol). The resulting light-brown solution was treated with triacetoxyborohydride (0.32 mg, 1.5 mmol), and general procedure A gave the title product 10h (0.31 g, 85%, 2 steps) as a pale-white solid: mp 124-126°C (dec). N-(4-((3-(Pyrrolidin-1-yl)phenylamino)methyl)benzyl)pyrimidin-2-amine (10i). The boc-protected 3-(pyrrolidin-1-yl)aniline (0.29 mg, 1.1 mmol) was converted to 10i (0.19 g, 58%, 2 steps) according to the procedure described above for 10h as a pale-white solid: mp 136-138°C (dec). hot ethanol to give the title product 13 (0.65 g, 60%) as paleyellow solid: mp 220-226°C (dec). (15) . To a solution of cyanuric chloride (1.94 g, 10.5 mmol) in THF (70 mL) was added 1,4-phenylenedimethanamine (0.681 g, 5.0 mmol) at 0°C in portionwise, followed by an addition of NaHCO 3 (1.05 g, 12.5 mmol). After being stirred overnight at 0°C, the reaction mixture was warmed to room temperature and stirred for additional 2 h. The solvent was removed under reduced pressure, and the white solid residue was sequentially washed with water and ethanol to afford pure title compound 15 (2.04 g, 94%) as a white solid: mp >400°C (dec). N,N 0 -(1,4-Phenylenebis(methylene))bis(2-fluoropyrimidin-4-amine) (17a). To a solution of 1,4-phenylenedimethanamine (1.36 g, 10 mmol) in DMF (50 mL) was added 2,4-difluoropyrimidine (2.56 g, 22 mmol) and N,N-diisopropylethylamine (6.10 mL, 35 mmol) at room temperature. The resulting mixture was heated to 60°C and stirred until the starting material disappeared from TLC plate. The reaction mixture was cooled down to ambient temperature, poured into ice water (20 mL), and extracted with ethyl acetate (3 Â 5 mL). The combined organic layers were washed with brine, dried over anhydrous MgSO 4 , and concentrated in vacuo. The crude was purified by flash column chromatography (silica gel, MeOH/CH 2 Cl 2 , 0 f 25%) to give the title compound 17a (2.49 g, 76%), as a white solid: mp 267-268°C (dec). 1 0 -(1,4-Phenylenebis(methylene))bis(2-methoxypyrimidin-4-amine) (18a). A solution of 17a (1.31 g, 4 mmol) in methanol (20 mL) was treated with thionyl chloride (2.91 mL, 40 mmol) at room temperature. The resulting mixture was stirred, at which time all starting material was consumed. The solvent was removed under reduced pressure. The residue was dissolved in ethyl acetate (20 mL) and washed with aqueous NaOH (10 mL, 1N). The organic layer was separated, dried over anhydrous MgSO 4 , and concentrated in vacuo. The crude was purified by flash column chromatography (silica gel, MeOH/CH 2 Cl 2 , 0 f 25%) to give the title compound 18a (1.35 g, 96%) as a white solid: mp 187-188°C (dec). N-(4-((5-Fluoropyrimidin-2-ylamino)methyl)benzyl)-4-(trifluoromethyl)pyrimidin-2-amine (21a). To a solution of mono bocprotected 1,4-phenylenedimethanamine 19 (11.80 g, 50 mmol) in DMF (50 mL) was added 2-chloro-5-fluoropyrimidine (7.29 g, 55 mmol) and N,N-diisopropylethylamine (30.5 mL, 175 mmol) at room temperature. The resulting mixture was heated to 60°C and stirred until the starting material disappeared from TLC plate. The reaction mixture was cooled down to ambient temperature, poured into ice water (200 mL), and extracted with ethyl acetate (3 Â 50 mL). The combined organic layers were washed with brine, dried over anhydrous MgSO 4 10 .0 mmol) dropwise at 0°C. The resulting mixture was warmed to ambient temperature and stirred until complete consumption of the starting material from TLC plate. The reaction mixture was diluted with diethyl ether (150 mL). The off-white solid was collected, washed with diethyl ether, dried under vacuum, and used in the next step without further purification. The crude solid obtained as above was dissolved in DMF (15 mL), to which was added 2-chloro-4-(trifluoromethyl)pyrimidine (1.03 g, 5.5 mmol) and N,N-diisopropylethylamine (4.4 mL, 25 mmol) at room temperature. The resulting mixture was heated to 90°C and stirred until the starting material disappeared from TLC plate. The reaction mixture was cooled down to ambient temperature, poured into ice water (60 mL), and extracted with ethyl acetate (3 Â 15 mL). The combined organic layers were washed with brine, dried over anhydrous MgSO 4 , and concentrated in vacuo. The crude was purified by flash column chromatography (silica gel, MeOH/CH 2 Cl 2 , 0 f 20%) to give the intermediate 21a (1.27 g, 67%) as a white solid: mp 164-165°C (dec). 1 CDCl 3 ) δ 8.18 (s, 2H), 7.32 (s, 4H), 7.27 (s,  1H), 5.94 (bs, 1H), 5.48 (bs, 1H), 4.65 (s, 2H) tert-Butyl 4-((2-Chloro-5-fluoropyrimidin-4-ylamino)methyl)-benzylcarbamate (23) . To a mixture of mono boc-protected 1,4-phenylenedimethanamine 19 (20.0 g, 80 mmol), N,N 0 -diisopropylethylamine (52 mL, 300 mmol) in DMF (200 mL) was slowly added 2,4-dichloro-5-fluoropyrimidine (14.9 g, 89 mmol). The resulting mixture was heated to 60°C and stirred for 1 h. TLC indicated complete consumption of the starting material. The reaction was cooled to ambient temperature, poured into ice water (800 mL), and extracted with ethyl acetate (3 Â 150 mL). The combined organic layers were washed with brine, dried over anhydrous MgSO 4 , and concentrated in vacuo. The crude was purified by flash column chromatography (silica gel, MeOH/ CH 2 Cl 2 , 0 f 20%) to give the title compound 23 (29.1 g, 94%) as a white solid: mp 127°C (dec). (24) . Thionyl chloride (11.62 mL, 160 mmol) was added dropwise to a solution of compound 19 (29.1 g, 80 mmol) in methanol (300 mL) at 0°C. The resulting mixture was warmed to ambient temperature and stirred until complete consumption of the starting material was observed from the TLC plate. The reaction mixture was diluted with 700 mL of ether. The off-white solid was collected, washed with diethyl ether, dried under vacuum, and used in next step without further purification.
The crude solid obtained as above was dissolved in DMF (200 mL), to which was added 4-chloro-2-thiomethylpyrimidine (14.1 g, 88 mmol) and N,N-diisopropylethylamine (59.2 mL, 340 mmol) at room teperature. The resulting mixture was heated to 90°C and stirred until the starting material disappeared from TLC plate. The reaction mixture was cooled down to ambient temperature, poured into ice water (1.0 L), and extracted with ethyl acetate (3 Â 200 mL). The combined organic layers were washed with brine, dried over anhydrous MgSO 4 , and concentrated in vacuo. The crude was purified by flash column chromatography (silica gel, MeOH/CH 2 Cl 2 , 0 f 20%) to give the desired product 24 (20.1 g, 66%, 2 steps) as a white solid. 1 2 mmol) at a rate to maintain the temperature below 0°C. The resulting mixture was stirred at that temperature until no more starting material was detected from TLC. The reaction then was quenched by the addition of saturated aqueous NaHCO 3 . After separation, the aqueous layer was extracted with additional methylene chloride (2 Â 20 mL). The combined organic layers were dried over MgSO 4 and concentrated under reduced pressure to afford a mixture of sulfoxide and sulfone as a yellow solid, which was used without additional purification.
The crude mixture obtained as above was dissolved in 1,4-dioxane (50 mL), to which N,N 0 -diisopropylethylamine (6.8 mL, 38.4 mmol) and 4-(2-aminoethyl)morpholine (2.0 g, 15.4 mmol) was added slowly. The resulting mixture was heated to 95°C and stirred for 18 h. After cooling to ambient temperature, the reaction mixture was partitioned using ethyl acetate (100 mL) and saturated aqueous NaHCO 3 (100 mL). The aqueous layer was extracted with additional ethyl acetate (2 Â 20 mL). The combined organic layers were further washed with brine, dried over MgSO 4 , filtered, and concentrated under reduced pressure. The crude was purified by flash column chromatography (silica gel, MeOH/CH 2 Cl 2 , 0 f 40%) to give the desired product 26 (1.5 g, 25%, 2 steps) as an off-white solid: mp 68°C (dec). 1 
